I. INTRODUCTION

I
N many biomedical imaging applications there is a strong demand for large area sensors. For the last two decades amorphous Silicon and amorphous Selenium based flat panel imagers (FPI) have represented the detector of choice in digital medical imaging, mainly because they can be easily fabricated on a large area with a relatively low cost technology, derived from the consumer based flat panel display technology [1] .
Even so FPIs suffer significant drawbacks, which impact on imaging performance, such as large pixels, high noise (> 1000 e-), low frame rate and image lag [2] . In this scenario CMOS Active Pixel Sensors (APS) [3] have gained popularity having demonstrated capability to overcoming such issues, offering a lower noise (60 -150 e-), a pixel pitch in the order of 25 -50 Mm, a high frame rate based on a true random access via column parallel readout and absence of image artefacts [4] , [5] . These advantages, together with low power consumption and potential for a low cost and fast scaling technology (based on standard consumer-based CMOS fabrication), have made CMOS APSs a valuable alternative in the bio-medical imaging field. Furthermore, recent developments in photo-lithographic tech niques [6] have made available the realization of large area devices integrated onto an eight inches silicon wafers to create a contiguous sensor array scalable up to the wafer size, i.e. 13 cm x 13 cm [7] . In order for CMOS APSs to impact upon the medical ionzing applications area, then it needs to demonstrate a significant radiation hardness. Several investigations have been carried out to assess the radiation tolerance of CMOS devices [8] , [9] and to propose new design techniques to enhance this perfonnance [10] . In this paper we propose a novel wafer scale CMOS APS, de veloped in the framework of the Multidimensional Integrated Intelligent Imaging Plus (MI-3 Plus) consortium. This detector has been designed for bio-medical applications and offers a high radiation hardness-by-design [10] . The radiation hardness of this detector has been characterized and the results have been compared with a commercial CMOS APS for radiology applications.
II. MATERI ALS AND METHODS
A. The DynAMITe detector
The APS presented here, named the Dynamic range Ad justable for Medical Imaging Technology or DynAMITe, was constructed in a 0.18 Mm CMOS process by reticule stitching technique for a total active area of 12.8 cm x 13.1 cm. A picture of the wafer from which the DynaAMITe sensor was diced is shown in Fig. 1 . The DynAMITe pixel array consists of two different size diodes meshed in the same pixel matrix, thus realizing two imagers in one. The detector consists of fine-pitch grid diodes, offering intrinsic low noise and high spatial resolution, and a large-pitch grid diodes, offering a high dynamic range. Both grids are geometrically superimposed. Thus each cell of the DynAMITe matrix is fitted with multiple diodes: four diodes of small size (50 Mm side), named Sub-Pixels, and one diode of large size (100 Mm side), named Pixel. The whole matrix comprises 1312 x 1280 Pixels and 2624 x 2560 Sub-Pixels. A more detailed description of the pixel architecture, the read out modalities and electro-optical performance are reported in [5] .
B. The radiation hard design of the DynAMITe detector
The DynAMIte detector has been designed according to the radiation hardness-by-design methodology. In fact all the in-pixel transistors have been designed with source and drain physically enclosed using an Enclosed Layout Geometry (ELG) [10], [11] in order to reduce the edge leakage, which is generated in the transition area between the thin gate oxide and the thick field oxide, used to produce transistor-by-transistor insulation, after exposure to radiation. P+ doped guard rings have been added in each pixels to prevent radiation induced inter-device leakage current. Moreover the standard sub-micrometer process (0.18 Mm) used guarantees a thin field oxide, comparable with the tunnelling length for holes in Si02. This increases the probability for holes to tunnel out of the gate oxide avoiding the formation of trapped charge at the interface Si02 -Si, responsible for threshold voltage shift in NMOS transistors exposed to ionizing radiation.
C. Ir radiation experimental set-up
The DynAMITe detector has been exposed to an X-ray field (W anode, 160 kVp, 0.5 mm Cu filtration) up to a cumulative dose of 94 kGy(Si). An average of 15 hours of exposure per day was performed while the detector was biased, reset and readout in order to recreate actual operational conditions. The detector was provided with a scintillator (140 Mm thick Gd202S:Tb) and a 3 mm Fiber Optic Plate (FOP). Per formance parameters such as dark current, offset, gain and dynamic range have been evaluate at each exposure step for two separate region of interest (ROls) of approximately 1 cm 2 area each. The rest of the detector was covered with a 2 nun thick Tungsten shiel. The dark current was measured by subtraction of two dark images, one with a long integration time and one with a short integration time, in order to correct for the remaining Fixed Pattern Noise. The dark current measured with this procedure was converted into dark current density using the conversion gain of the sensor calculated at each exposure step. A commercial APS designed for bio-medical applications, has been irradiated in the same test experiment up to a cumulative dose of 0.8 kGy (Air Kerma) when it showed loss of light sensitivity and pixel resolution.
The maximum delivered dose in this experiment (94 kGy(Si)) represents the highest deliverable dose within the time allo cated for this experiment.
D. Monte Carlo simulations
In order to evaluate energy absorption across all the layers constituting the detection system, Monte Carlo simulations were performed using the GEANT4 toolkit[12] and the Liver more low-energy electromagnetic models [13] . ) ) and the Air Kerma experimentally measured at each irradiation step j, facilitated calculation of the dose delivered to the detector layer i at the irradiation step j D i (j).
III. RESULTS
A. Energy absorption and fluorescence
Energy absorption in the detector layers reported in table I is shown in fig. 2 as percentage of the integral energy emitted by the source. The maximum of energy deposition occurs for shield (18%), scintillator (13%) and FOP (31.5%) as expected because of their thickness and atomic number. The percentage of energy absorbed in silicon (including silicon nitrite and oxide) is 0.23%. Contribution to the total energy absorbed in silicon from the X-ray fluorescence component is shown in fig. 3 , displaying the percentage of energy deposited in each of the detector layers, due to fluorescence generated in the shield, scintillator and FOP. The main contribution to fluorescence is represented by the FOP (between 25 -18%), because of the relatively high Z elements of which it is made (Pb, La, Zr, Ba), whereas the scintillator and shield contributes for a fraction evaluated in 
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0.1 Fig. 3 . Contribution to the total energy absorbed in silicon from fluorescence X-rays produced in shield, scintillator and FOP.
the range 0.1-0.7%. Fig. 4 shows the contribution to the energy absorbed in the detection layer due to fluorescence X-rays generated in the FOP per chemical element. Lead represents the first source of fluorescence in the FOP (71-65%) because of its relatively high abundance (30%), followed by Lanthanum (20-33%) present in the FOP in a percentage of 12%. Barium and Zirconium offer a smaller contribution (2-0.4%) depending on their smaller abundance in the FOP. Even so L-shell fluorescence X-rays due to these two elements are in the range 2-6 keY, implying a high cross section for such photons.
B. Comparison with a commercial device
Figs. 5 and 6 show comparative data for leakage current and dynamic range measured for both the DynAMITe detector and a commercial device. Leakage current increases exponentially for the commercial device (Comm. dev.) up to a dose of 700 Gy, where loss of light sensitivity and pixel resolution occurs (dotted line in Fig.  5 and 6 ). At this dose the relative increase in dark current for the DynAMITe detector is lower than 150% (100 times lower than the increase observed in the commercial device) and is almost constant up to the maximum delivered dose (1.8 kGy (Si)). The residual dynamic range, calculated with the respect to the dynamic range of the unexposed sensors, is shown in Fig. 6 . The DynAl\1Ite detector exhibits a residual dynamic range of about 99% of the pre-irradiation one up to 1.2 kGy Air Kerma (1.8 kGy(Si)), whereas the conunercial device falls below the failure limit of 50% at 650 Gy. The DynAMITe detector has been further irradiated up to a dose of 94 kGy(Si) without showing any functionality issues with a residual dynamic range of 88% of the pre-irradiated one. 
C. Evaluation of the radiation damage
Dark current density has been measured at each irradiation step to evaluate radiation induced damage. The pre-irradiation dark current density of the DynAMITe detector is 59 pA/cm 2 , a figure which increases up to 293 pA/cm 2 at the maximum delivered dose of 94 kGy(Si). Fig. 7 shows the dark current density increase as function of the total ionizing dose to silicon DSi(j), calculated from Monte Carlo simulations, on a semi-logarithmic scale. The dark current increase due to the total ionizing dose TID (/:)'C(T I D)) has been fitted with the empirical formula [9] :
where T I Dthre is the total ionizing dose threshold, necessary to observe a dark current density increase, and K is the dark current increase per decade. Data of fig. 7 have been fitted with this function resulting in a radiation damage threshold T I Dthre=204 Gy(Si) and a dark current density increase rate K=96 ± 5 pA/cm 2 /dec.
Dark current density histograms are displayed in fig. 8 for six delivered doses (0, 0.6, 1, 10, 50, 94 kGy(Si)). Two different phenomena are observable in the plot: a shift of the dark current density distribution towards higher current values, and a broadening of the distributions. After Gaussian fit of these distributions, the coefficient of variations, namely the ratio between the standard deviation and the mean of the Gaussian distributions, is plotted in fig. 9 for the six dose level evaluated. The highest coefficient of variation occurs for the pre-irradiation distribution (18%), whereas this value ranges between 8 and 11 % for all other dose levels implying no significant spatial non-uniformity arising from radiation damage produced up to 94 kGy(Si).
IV. CONCLUSIONS
A novel wafer scale CMOS APS has been presented as ionizing radiation tolerant detector up to at least a dose of 94 kGy(Si), highest dose deliverable within the time allocated for the experiment. Dark current density increase and damage threshold have been evaluated as function of the total dose delivered. The radiation damage has been compared against damage produced in a commercially available CMOS APS, showing a radiation tolerance at least 100 times higher. Monte Carlo simulations have been performed for evaluation of primary and secondary energy deposition, offering information on potential optimization of the detection system.
